Nicotine is an environmental toxicant in tobacco wastes, imposing severe hazards for the health of human and other mammalians. NicR2, a TetR-like repressor from Pseudomonas putida S16, plays a critical role in regulating nicotine degradation. Here, we determined the crystal structures of NicR2 and its complex with the inducer 6-hydroxy-3-succinoylpyridine (HSP). The N-terminal domain of NicR2 contains a conserved helix-turn-helix (HTH) DNA-binding motif, while the C-terminal domain contains a cleft for its selective recognition for HSP. Residues R91, Y114 and Q118 of NicR2 form hydrogen bonds with HSP, their indispensable roles in NicR2's recognition with HSP were confirmed by structure-based mutagenesis combined with isothermal titration calorimetry analysis. Based on sequence alignment and structure comparison, Tyr67, Tyr68 and Lys72 of HTH motif were corroborated to take the major responsibility for DNA-binding using site-directed mutants. The 30-residue N-terminal extension of NicR2, especially residues 21-30 in the TFR arm, is required for the association with the operator DNA. Finally, we proposed that either NicR2 or the DNA would undergo a conformational change upon their association. Altogether, our structural and biochemical investigations unravel how NicR2 selectively recognizes HSP and DNA, and provide new insights into the TetR family of repressors.
Introduction
Bacteria have evolved amazing mechanisms for rapid adaptation for each imaginable type of environmental changes (Cases and de Lorenzo, 2001) . Physical and chemical signals (i.e., temperature shift, salt gradient) provoke transcriptional responses to adapt to the changes. Transcription factors promote (by acting as activators) or block (by acting as repressors) the recruitment of RNA polymerases, and play crucial roles in all living cells. Bacteria contain numerous regulatory proteins (grouped into at least 20 different families); some of these proteins do not rely on small molecules to be regulated; the activities for many of these regulatory proteins are controlled by small bioactive molecules (Echols and Green, 1971; Hillen and Berens, 1994; Nikaido, 2001; Ramos et al., 2002; Itou et al., 2005; Zhang and Rock, 2008; Zhu et al., 2009) . Structural analysis indicates that most prokaryotic transcription factors are homodimers containing specific DNA-binding motifs such as helix-turn-helix (HTH) motifs, winged helix (WH) motifs, leucine zippers, zinc fingers and so forth (Huffman and Brennan, 2002) .
In the tobacco and cigarette manufactory industry, there is a large amount of tobacco-processing wastes produced. Nicotine, a toxic and addictive alkaloid found in tobacco-processing wastes, is harmful to humans and other mammalians and is a significant source of environmental wastes. Pseudomonas putida S16 uses nicotine as the sole carbon and nitrogen source, employs the pyrrolidine pathway for nicotine degradation and has high nicotine-degrading activity (Brandsch et al., 2006; Wang et al., 2007; Tang et al., 2013) . It has been reported that the genes involved in degradation of environmental pollutants need an efficient transcriptional system (de Lorenzo and P erez-Mart ın, 1996) . In our previous study, a regulator NicR2 was identified in P. putida S16. NicR2 directly binds to the operator of the nic2 gene cluster containing five crucial genes (hspB, iso, nfo, hpo and ami) which are involved in the later steps of nicotine degradation from 6-hydroxy-3-succinoyl-pyridine (HSP) to fumaric acid (Wang et al., 2014) . Apo-NicR2 exists primarily as a dimer in solution, and isothermal titration calorimetry (ITC) experiment has confirmed the cooperative binding of two NicR2 dimers to its target DNA (N 5 0.5), which may be similar to QacR, CprB and CgmR binding to their respective operators as homodimers docking onto different sides of DNA (Schumacher et al., 2002; Itou et al., 2010; Bhukya et al., 2014) . Different from AlkX, the regulator of the alkane degradation pathway, which could occupy two binding sites in either half of an unusual 48 base pair (bp) operator with one dimer, 7 bp right halfsite within one inverted repeat (IR) of operator DNA could be bound by NicR2 (Wang et al., 2014; Liang et al., 2016) . As a specific inducer of NicR2, HSP has been shown to be effective during derepression and promote the transcription of the nic2 gene cluster.
To determine the molecular mechanism of NicR2, we have solved the crystal structure of NicR2 alone by the single-wavelength anomalous dispersion (SAD) method with a seleno-methionine (SeMet) derivative of NicR2. Additionally, we determined the structure of NicR2 in complex with HSP by the molecular replacement method. Furthermore, key residues that may be involved in DNA-binding were identified based on sequence alignment and structure comparison, and confirmed by the ITC assay using site-directed mutants. Together, these structures presented here unveil the mechanism employed by NicR2 to recognize its specific inducer HSP, and provide a basis for further understanding the molecular mechanisms of nicotine biodegradation.
Results

Overall structure of NicR2
In order to understand the molecular mechanism of how NicR2 serves as a regulator for nicotine degradation, we endeavored to determine its crystal structure. Since crystals of full-length NicR2 diffracted poorly, we made a series of gradual truncation mutations of the N-terminal extension of NicR2 (lacking 8, 15, 20, 25 or 30 residues from the N-terminus), and only the crystals of NicR2 mutant lacking 30 residues from the N-terminus can diffract to 2.9 Å . Then we determined the crystal structure of NicR2 (residues 31-233) at a resolution of 2.65 Å by A. There are six molecules of NicR2 in the asymmetric unit, which are illustrated in different colours. B. A representative NicR2 dimer, with the N-terminal domain (NTD) responsible for DNA-binding and the C-terminal domain (CTD) responsible for ligand-binding indicated. C. Each monomer of NicR2 consists of nine helices, which are labeled. using the SAD method. There are six monomers of NicR2 (31-233) in one asymmetric unit ( Fig. 1A) , which assemble into three dimers (Fig. 1B) . These polypeptide chains are entirely helical, and each chain was composed of nine a helices that formed two distinct domains, the N-terminal DNA-binding domain (DBD) and the C-terminal ligand-binding domain (Fig. 1C ).
The first three helices of each NicR2-DBD form a three-helix bundle containing the classical HTH motif (a2 and a3) stabilized by a1, and are supposed to interact with the operator DNA (Fig. 1B) . The presumable DNA-binding surface of the three-helix bundle region is densely positively-charged in the central surface ( Fig.  2A ). The structure of NicR2-DBD is very similar to those of TetR, QacR, EthR and YcdC DBDs ( Fig. 2B) (Orth et al., 2000; Schumacher et al., 2001; Fr enois et al., 2004) .
The C-terminal domain of NicR2 is composed of six a helices which contain the ligand-binding site and the dimerization interface ( Fig. 1B) . Analysis of the molecular surface of the NicR2 monomer clearly reveals a pocket that is ideal for ligand binding; similar to TtgR, both of the most possible ligand entries of NicR2 and TtgR are well away from the dimer interface ( Fig. 2C , Alguel et al., 2007) . The C-terminal domain of NicR2 is different from the ligand-binding domain of TetR which is composed of seven a helices (Orth et al., 2000) . Structure alignment of C-terminal domains among NicR2 and other repressors in TetR family seems to suggest that they do not have a common fold and orientation, indicating that diverse recognition mechanisms exist for the binding of various repressors to their specific ligands or inducers ( Fig. 2D) .
Residues from the a7, a9, as well as a6 helices (especially residues 138-140) of the C-terminal domain contribute to the dimeric interface. In contrast, residues in NicR2-DBD are not involved in dimerization, which is different from the case for TtgR ( Fig. 2E ) (Alguel et al., 2007) .
Several key residues of NicR2 are indispensable for HSP-binding After determining the structure of NicR2 by itself, we further asked how NicR2 recognizes its inducer HSP. The crystal structure of HSP-bound NicR2 was solved to 2.50 Å resolution by using the molecular replacement method. The electron density map had excellent quality, which made it possible to analyze how HSP is associated with NicR2 ( Fig. 3A ). An asymmetric unit of the NicR2-HSP complex contained six monomers, which were assembled into three dimers, the same organization for NicR2 by itself ( Fig. 3B ). Structures of the three dimers in the asymmetric unit were very similar, with root-mean-square deviation (RMSD) values of about 0.43 Å between any two of the three dimers. Therefore, we will use a single dimer for the structural analysis hereafter. HSP is encapsulated in a positively charged cavity-like pocket, which is about 19 Å deep, formed by helices a5, a6 and a7 ( Fig. 3C ).
Structural analysis showed that the guanidinium group of R91 and the amine group of Q118 of NicR2 each donates a hydrogen bond to the hydroxyl group attached to the pyridine ring of HSP. In addition, the hydroxyl group of Y114 of NicR2 accepts a hydrogen bond from the pyridine nitrogen atom of HSP ( Fig. 4A ). To corroborate the important roles of these HSP-binding residues, the mutations of NicR2-R91A, NicR2-Q118A and NicR2-Y114A were performed. These mutant proteins were expressed and purified, and their binding affinities for the ligand HSP were analyzed by the ITC assay which is widely used in modern biotechnology (Krell, 2008) . In comparison with the wild type NicR2 whose dissociation constant for HSP (K D ) was measured to be 4.8 lM (Fig.4B ), the binding abilities of the mutants Y114A ( Fig. 4C ) Q118A ( Fig. 4D ) and R91A ( Fig. 4E ) for HSP were completely lost. Our results thus indicated that each of the hydrogen bonds formed by Y114, Q118 and R91 with HSP was indispensable in determining the binding ability of NicR2 to HSP.
NicR2 selectively recognizes HSP as its inducer
The compound HSP fits snugly into a deep pocket on the surface of NicR2 ( Fig. 5A and B ). The volume of the A. The 2Fo-Fc omit map around HSP (coloured in magenta), which was contoured at 1.5 r, in the NicR2-HSP complex structure showed clear electron density for HSP. B. HSP is surrounded by a-helices a5, a6 and a7 of NicR2. NicR2 is shown as a ribbon presentation, and HSP is shown as a stick representation. C. The HSP-binding pocket of NicR2 is positively charged. The electrostatic surface potential of NicR2 is shown, with blue and red representing positive and negative charges, respectively. ligand-binding pocket changes from $104 Å 3 in the apo form to $121 Å 3 in the HSP-bound form. Besides, the residual volume left unoccupied in the pocket is only $17 Å 3 after HSP-bound, indicating that HSP fits tightly and fully into the deep pocket, which was calculated using POVME (Durrant et al., 2014) .
Comparison of its molecular structure with those of other intermediates in the nicotine degradation pathway, such as 3-succinoyl-pyridine (SP), suggested that the absence of the hydroxyl group decreases its size and eliminates the hydrogen bonds donated by R91 and Q118, thus making it too insecure to fit into the recognition pocket of NicR2. Using the ITC assay, we demonstrated that there was no detectable interaction between NicR2 and 2,5-dihydroxy-pyridine (2,5-DHP) despite the presence of hydroxyl groups attached to the pyridine ring of HSP (Supporting Information Fig. S1 ). The absence of the succinyl group sharply decreases the size of 2,5-DHP and makes the residual volume left in the pocket more than 61 Å 3 after 2,5-DHP inserting into the pocket, indicating that the active site pocket of NicR2 is too spacious to accommodate 2,5-DHP. Other intermediates in the nicotine degradation pathway, such as N-formylmaleamate (NFM), A. Close-up view of the HSP-binding site on NicR2 shows that R91, Y114 and Q118 of NicR2 form hydrogen bonds (denoted with magenta dashed lines) with HSP. B-E. Measurement of the binding affinity of wild type (WT) or mutant NicR2 proteins for HSP by the ITC assay. The dissociation constant (K D ) between WT NicR2 and HSP was measured to be 4.8 6 0.6 lM (B). Point mutations of Y114A (C), Q118A (D), or R91A (E) on NicR2 quenched the affinity to HSP.
Structural basis for the transcriptional repressor NicR2 169 maleamic acid and maleic acid, have remarkably different structures compared with HSP and could not fit suitably into the recognition pocket of NicR2 ( Fig. 5C ). Therefore, NicR2 utilizes its active-site pocket to selectively recognize HSP, but not other intermediates, as its specific inducer.
Key residues on NicR2-DBD involved in DNA-binding
Since the structural basis for how NicR2 binds to the operator DNA is unclear, we have attempted to crystallize the NicR2-DNA complex. Extensive efforts have been made to screen for crystals of the NicR2-DNA complex using different NicR2 constructs and DNA fragments containing the core segment 'CTATATGnnnnnn-CATATAA'. Unfortunately, we failed to obtain diffracting crystals of the NicR2-DNA complex despite that over 15,000 crystallization conditions had been screened.
As another approach to identify the key residues of NicR2 involved in DNA-binding, we made a careful comparison of the amino acid sequence and the crystal structure of the DBD domain of NicR2 with those of QacR and SimR (Schumacher et al., 2002; Le et al., 2011) . Six residues on NicR2-DBD, Thr50, Lys52, Thr61, Tyr67, Tyr68 and Lys72 were surmised as putative DNA-binding residues via sequence alignment and structural comparison with QacR and SimR ( Fig. 6A-D) . According to the location of these 6 residues, we simply divided them into two groups. The first group consists of Thr50 and Lys52 which are located on or closed to a2, and the second group is comprised of Thr61, Tyr67, Tyr68 and Lys72 which are located on or closed to a3, the 'recognition helix' penetrating into the major groove of DNA. We made two mutant NicR2 constructs with composite mutations on these residues, and measured their DNA-binding abilities using the ITC assay. A. Close-up view of the cross section of the HSP-binding site of NicR2 shows that the surface of NicR2 is complementary to the shape of HSP. B. HSP inserts deeply into its binding pocket on NicR2. C. Comparison of the chemical formulas of HSP with other intermediates in the nicotine degradation pathway. Absence of the hydroxyl or the succinoyl groups (denoted with red circles) decreases the sizes of 3-succinoyl pyridine (SP) and 2,5-dihydroxy-pyridine (2,5-DHP), thus preventing them from being held securely in the deep pocket on the NicR2 surface. Prominent differences between HSP and N-formylmaleamate (NFM), maleamic acid and maleic acid make them unsuitable for fitting into the NicR2 pocket.
Compared with wild type NicR2 whose dissociation constant for DNA (K D ) was measured to be 40.3 nM (Fig.  6E ), the K D value of NicR2-M2, with mutations on the first group of residues to alanines, increased to 104.3 nM (Fig. 6F ). This result implies that Thr50 and/or Lys52 participated in DNA-binding. In addition, the DNAbinding ability of NicR2-M4, in which the second group of residues was all mutated to alanines, totally vanished ( Fig. 6G ). This indicates that some or all of the second group of residues may take the major responsibility for DNA-binding.
Based on the initial observation of changes on the DNA-binding affinity caused by NicR2-M2 and NicR2-M4, we made further single, double and triple mutants to identify the residues directly participating in DNA-binding. The K D values of NicR2-T50A and NicR2-K52A, with A. Comparison of the amino acid sequence of DBD domain of NicR2 with those of QacR and SimR. Residues in QacR or SimR which interacted with DNA are coloured in magenta, while residues that are surmised as putative DNA-binding residues in NicR2-DBD are coloured in red. B-D. Structure comparison of the DBD domain of NicR2 with those of QacR and SimR, with DNA-binding residues shown as sticks. Crystal structure of the DBD domain of NicR2 (B, putative DNA-binding residues coloured in cyan). Crystal structure of the DBD domain of QacR bound with DNA (C, DNA-binding residues coloured in yellow). Crystal structure of the DBD domain of SimR bound with DNA (D, DNA-binding residues coloured in pink). E. The dissociation constant (K D ) between wild type (WT) NicR2 and a 36 bp DNA containing the operator sequence was measured to be 40.3 6 8.8 nM. F. The dissociation constant (K D ) between NicR2-M2 and the DNA was measured to be 104.3 6 20.3 nM. G. No detectable interaction was found between NicR2-M4 and DNA. (All the data summarized in Table 1) Structural basis for the transcriptional repressor NicR2 171 mutations on Thr50 or Lys52 from the first group of residues to alanines, were measured to be 68.0 nM and 41.3 nM, respectively (Supporting Information Fig. S2A and S2B, Table 1 ). Combined with the result of the K D value of NicR2-M2 increasing to 104.3 nM, it is demonstrated that both Thr50 and Lys52 contribute to weak association with DNA. Then, we divided the quadruple mutant, T61A/Y67A/Y68A/K72A, into NicR2-T61A, NicR2-Y67A/Y68A and NicR2-K72A, and measured their DNA-binding abilities. The K D values for NicR2-T61A, NicR2-Y67A/Y68A and NicR2-K72A were measured to be 36.7 nM, 401.3 nM and 286.5 nM, respectively ( Fig.  7A-C, Table 1 ). This result demonstrates that Thr61 may not make major contribution to DNA-binding but Lys72 takes part in binding with DNA. Besides, the roles of Tyr67 and Tyr68 in DNA-binding were confirmed by ITC with K D measured to be 277.8 nM and 142.8 nM for NicR2-Y67A and NicR20-Y68A, respectively ( Fig. 7D and E, Table 1 ). The Y67A/Y68A/K72A triple mutant of NicR2 totally lost its binding ability for DNA, which demonstrates that Tyr67, Tyr68 and Lys72 take the major responsibility for DNA-binding ( Fig. 7F , Table 1 ).
The N-terminal extension of NicR2 is required for its association with the operator DNA In contrast to most of the TetR family of regulators such as DesT, TetR, QacR and CgmR, NicR2 contains a 30residue N-terminal extension called the TetR family transcriptional regulator (TFR) arm which is in front of the core DNA-binding domain, similar to SimR. SimR controls the export of a potent DNA gyrase inhibitor, simocyclinone, through repressing its specific efflux pump (Miller et al., 2010; Le et al., 2011) . The TFR arm of NicR2 contains three arginine and two lysine residues at positions 5, 15, 18, 19 and 20, respectively (Fig. 8A) .
In order to find out whether the 30-residue N-terminal extension of NicR2 is required for DNA-binding or not, we made a series of gradual truncation mutations of the N-terminal extension of NicR2, and measured their binding affinities with a 36 bp DNA fragment containing the core segment 'CTATATGnnnnnnCATATAA'. Compared with wild type NicR2 whose dissociation constant for DNA (K D ) was measured to be 40.3 nM (Fig. 6E) , the binding affinity of NicR2 (16-238) and NicR2 (21-238) to DNA did not appear to have any obvious change, with K D measured to be 61.4 nM and 52.9 nM, respectively ( Fig. 8B and C) . In contrast, when another 10 more residues were further truncated off, the binding ability of NicR2 (31-238) to DNA was completely lost (Fig. 8D) . These results indicated that the N-terminal extension of NicR2, especially residues 21-30 in the TFR arm, is required for the association with the operator DNA.
Discussion
As members of the third most common transcriptional regulator family in bacteria, TetR-like regulators, marked by a HTH-containing DBD as the signature motif, play key roles in regulating prokaryotic physiology (Ramos et al., 2005; Cuthbertson and Nodwell, 2013) . In our previous study, NicR2, an unusual regulator regulating nicotine degradation in P. putida S16, was isolated and characterized (Wang et al., 2014) . Elucidation of the structure of NicR2 as well as that of the NicR2-HSP complex might reveal novel regulatory mechanisms as well as versatilities of this microbial metabolic pathway.
Since TetR-family members serve as regulators and bind to diverse small molecule effectors, we have made comparisons of how NicR2 and other TetR-family members bind to their respective ligands. We found that each of these regulators selectively recognizes its respective ligand with unique binding pocket. For example, a binding pocket was prepared for selectively recognizing the snugly fitted inducer, HSP, but not other intermediates of nicotine degradation (Fig. 9A ). On the other hand, a bulkier inducer, ethidium, is fit in a larger ligand-binding pocket of QacR (Fig. 9B) (Schumacher et al., 2001) . Moreover, as a multidrug binding protein, QacR utilizes this pocket to bind the diverse ligands, like rhodamine 6G (Fig. 9C) . A tunnel-like cavity formed by both monomers of TetR binds with specific inducers, anhydrotetracycline ( Fig. 9D) (Werten et al., 2016) . TtgR employs a flat and spacious pocket to accommodate the specific inducer, phloretin ( Fig. 9E) (Alguel et al., 2007) . In contrast to NicR2 and QacR which use surface pockets to recognize their ligands, RolR completely encloses its ligand, resorcinol, inside the protein (Fig. 9F) (Li et al., 2011) . Different from above, the respective 9G ) (Le et al., 2011) and CgmR (Fig. 9H ) (Le et al., 2011) , and are tightly encircled by the protein.
NicR2 by itself is captured in a derepressed conformation
Members of the TetR family have a highly conserved DNA-binding domain. In contrast, these proteins have relatively non-conserved ligand-binding domains employing diverse residues to form hydrogen bonds and contribute hydrophobic interactions with their specific effectors. Ligand-induced conformational changes in the TetR-type of proteins are always accompanied by alterations in the center-to-center distances between their DBDs. For example, the center-to-center distance between the a3 and a3 0 helices of QacR exhibits an increase of 12 Å upon ligand binding (Schumacher et al., 2002) . In addition, in the ligand-bound EthR, DNA Table 1) Structural basis for the transcriptional repressor NicR2 173 recognition helices a3 and a3 0 are separated by a distance of 52 Å , which is too long to accommodate its binding to the adjacent positions of a major groove of B-DNA double helix (Fr enois et al., 2004) . As another example, recognition helices a3 and a3 0 of DesT rotate by approximately 58, and their center-to-center distance increases from the distance of 36.7 Å required for DNA binding to 41.9 Å , thus making it unsuitable for binding to the adjacent positions of the major groove (Miller et al., 2010) . These movements were comparable to that observed in TetR, in which the distance between the DNA recognition helices increased from 36.6 Å to 39.6 Å upon ligand binding. In contrast, our crystal structures display little conformational difference between HSP-bound and unbound NicR2 (Fig. 10) . One possible explanation for this is that in our crystal structure of NicR2 by itself, NicR2 is captured in a derepressed conformation, which is not able to bind the operator DNA. HSP-binding might further lock the NicR2 protein into this state, which was also observed in the ligand-bound structure of ActR (Willems et al., 2008) . Upon binding with its operator DNA, the favorable A. Alignment of the amino acid sequence of NicR2 with those of four other TFRs (DesT, TetR, CgmR and QacR). The core DBD and the N-terminal extension in NicR2 are indicated. Salmon (positively charged residues), magenta (negatively charged residues), cyan (hydrophobic residues), green (polar residues), yellow (proline) and orange (glycine). B. The binding affinity of NicR2 (16-238) did not appear to have any obvious change, with K D measured to be 61.4 6 6.1 nM. C. The binding affinity of NicR2 (21-238) to DNA did not appear to have any obvious change, with K D measured to be 52.9 6 6.8 nM. D. Truncation of the N-terminal 30 residues of NicR2 completely disrupted its association with the DNA. interaction energy between the protein and DNA might stabilize NicR2 in the repressed conformation. These analyses indicate that conformational changes may take place in NicR2 and/or the operator DNA upon their interaction.
NicR2 and/or the operator DNA may undergo a conformational change upon their interaction
The center-to-center distance between the a3 and a3 0 helices of native NicR2 is 41.3 Å . On the other hand, the repetitive distance between two successive positions of one major grooves is about 34 Å , indicating that NicR2 we captured could not bind to DNA (Fig. 11A) . In comparison, when bound to DNA, the center-to-center distances between a3 and a3 0 helices of QacR, TetR and Dest are 37 Å , 31 Å and 31 Å , respectively ( Fig.  11B-D) . These results suggested that some conformational changes may be induced to facilitate the binding of two NicR2 molecules to its adjacent positions of the major groove (Fig. 12 ). Both the N-terminal extension and the HTH motif of NicR2 are involved in binding to the operator DNA Both NicR2 and SimR possess N-terminal extensions that precede the core DBD. The DNA-binding affinity of SimR is significantly reduced when the N-terminal extension is truncated. Analysis of the operator-bound SimR structure showed that the N-terminal extension formed a flexible loop and interacted with the minor groove via three arginine residues (Le et al., 2011) .
In our study, the N-terminal extension of NicR2, especially residues 21-30, was found to play an indispensible role in binding to its operator (Fig. 9E) . The threedimensional structure of NicR2 (1-70) was predicted by the I-TASSER server (Supporting Information Fig. S3A ). As the predicted structure of NicR2 (31-70) is very similar to the real structure of NicR2 (31-70), it is reliable to analyze the structure of the N-terminal extension of NicR2 (Supporting Information Fig. S3C ). The primary three-dimensional structure of the N-terminal extension is a loop (Supporting Information Fig. S3B ). Circular dichroism (CD) spectra shows that either NicR2 (21-238) or NicR2 (31-238) fold as native forms and the truncation mutants do not affect protein folding (Supporting Information Fig. S3D ). We made mutations on Glu23, Glu26 and Lys30 which might interact with the operator DNA via hydrogen bonds. The E23A/E26A/K30A triple mutant of NicR2 (21-238) exhibited obviously reduced DNA-binding ability (K D 5 406.5 6 119.9 nM) in comparison with wild type NicR2 (21-238) (K D 5 52.9 6 6.8 nM) (Supporting Information Fig. S4A ). Further investigation on these residues demonstrated that Glu23 and Glu26 contributed little to the interaction with DNA (K D for NicR2-E23A/E26A measured to be 79.8 6 9.3 nM), while Lys30 participated in DNA-binding (K D for NicR2-K30A measured to be Fig. 11 . The distance between the DNA-binding domains (DBDs) of native NicR2 is much larger than those of other regulators bound with their operators. A. The distance between DBDs of native NicR2 is 41.3 Å , which is substantially longer than the distance of 34 Å between adjacent positions of one major groove of standard B-form DNA. B. The distance between DBDs of operator-bound QacR is 37 Å . C. The distance between DBDs of operator-bound TetR is 31 Å . D. The distance between DBDs of operator-bound DesT is 37 Å . 372.5 6 79.6 nM) (Supporting Information Fig. S4B and  S4C ). Therefore, both the N-terminal extension and the HTH motif of NicR2 might be directly involved in binding to the operator DNA.
Experimental procedures
Cloning and purification
The PCR product containing a 6 3 His tag at the 3 0 end of the NicR2D30 (NicR2 lacking 30 residues in the N-terminus) gene was ligated into the pET28a vector using the NcoI and XhoI restriction sites by T4 ligase and the ligated product was transformed into Escherichia coli BL21(DE3) competent cells. After induction with 200 lM IPTG, the cells were harvested by centrifugation at 4,000 rpm for 30 min. Cell pellet obtained was resuspended in the lysis buffer and was lysed by ultrasonication. Supernatant was isolated by centrifugation and was loaded onto a Ni-nitrilotriacetate agarose column. The column was washed with two column volumes (CV) of lysis buffer followed by two CV of wash buffer containing 50 mM imidazole, and the NicR2 protein was eluted with the elution buffer containing 25 mM Tris-HCl, pH 8.0, 300 mM NaCl and 170 mM imidazole. The eluate was concentrated by ultrafiltration and loaded onto Superdex 200 10/300 GL column (GE Healthcare) pre-equilibrated with 25 mM Tris-HCl, 300 mM NaCl, 0.2 mM EDTA and 2 mM DTT. The main peak fractions containing NicR2 were combined and concentrated. Other constructs of NicR2 were purified similarly.
In order to purify SeMet-NicR2D30, pET28a-nicR2D30 plasmid was transformed into E. coli B834 competent cells, cultured in slightly modified SeMet minimal medium containing 50 lg/ml kanamycin. The protein was purified as described above. About 15 mg of native NicR2D30 per liter bacteria and 10 mg of SeMet-NicR2D30 per liter bacteria could be obtained, with a purity of greater than 95% as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis. Full incorporation of SeMet into SeMet-NicR2D30 was verified by mass spectrometry. Both NicR2D30 and SeMet-NicR2D30 were frozen in liquid nitrogen and stored at 2808C.
Crystallization
NicR2D30 and SeMet-NicR2D30 proteins were adjusted to 10 mg/ml in 25 mM Tris-HCl pH 8.0 containing 300 mM A. The center-to-center distance between the a3 and a3 0 helices of NicR2 would not be suitable for binding to the adjacent positions of the major groove of standard B-form DNA. The clash region between NicR2 and DNA when NicR2 is docked onto standard B-form DNA is denoted with dotted circle. NicR2 is coloured in sky-blue and DNA is coloured in gray. B. Upon binding to NicR2, conformational change of DNA may take place to facilitate the binding of two NicR2 molecules to its adjacent positions of one major groove. DNA after conformational change is coloured in orange (refined by Amber).
NaCl and 2 mM DTT (10 mM DTT for SeMet-NicA2). Crystallization was performed using the hanging-drop vapor diffusion method by mixing the protein solutions with a reservoir solution and equilibrating against 80 ll reservoir solution in each well. High-quality crystals were grown to full size within two weeks at 148C. NicR2D30 and SeMet-NicR2D30 crystals were obtained from condition No. 46 of PEGRx2 (Hampton Research), which consisted of 1 M sodium malonate (pH 5.0), 0.1 M sodium acetate trihydrate, pH 4.5 and 2% (w/v) polyethyleneglycol 20,000.
The NicR2-HSP complex was prepared by soaking the protein crystals in the crystallization buffer containing 10 mM HSP for approximately 6 h.
Data collection and processing
The crystals were mounted in nylon cryoloops (Hampton Research) with 25% glycerol in the cryoprotectant buffer. X-ray diffraction data of native NicR2 and NicR2-HSP crystals were collected to 2.50 Å resolution at wavelength k 5 0.9997 Å . SAD data of the SeMet-NicR2 crystal were collected to 2.65 Å at wavelength k 5 0.97917 Å . The crystal diffraction datasets of SeMet-NicR2, native NicR2 and HSP-NicR2 were all collected at the BL17U1 beamline at Shanghai Synchrotron Radiation Facility (SSRF) by using an ADSC Quantum 315r CCD area detector. All the data were processed and scaled by using the program package of HKL2000 (Otwinowski and Minor, 1997) . The statistics of the data collection was summarized in Table 2 .
Structure determination
SAD phases were determined using the Autosol or Autobuild module of PHENIX (Adams et al., 2002) . All the 48 Se sites were located in the asymmetric unit. After modelbuilding by Coot (Emsley and Cowtan, 2004 ) and refinement by REFMAC (Bailey, 1994; Winn et al., 2003) , the final model had an R/R free of 19.4%/24.8% and included NicR2 residues 31-233.
The structure of NicR2 was determined by the molecular replacement method with Phaser (McCoy et al., 2007) , using the refined structure of SeMet-NicR2 as a searching model. The structure of HSP-NicR2 crystals was determined by the molecular replacement method with Phaser, using the refined structure of NicR2 as a searching model. After refinement by REFMAC5, the final model included NicR2 residues 31-233, with an R or R free value of 21.7%/ 24.4%.
The refinement statistics are listed in Table 2 . All the structures were validated with PROCHECK, and the figures of molecular structures were produced by using PyMol.
Isothermal titration calorimetry
For the ITC experiments, wild type NicR2 or NicR2 mutants, HSP and the 36 bp DNA (5'-GTTGACAACTA-TATGTACAGCCATATAATTGTTTTT-3', where the IR is shown in italics) were freshly prepared in the PBS buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 2 mM NaH 2 PO 4 ). Samples were degassed by vacuum aspiration for 5 min prior to loading. Calorimetric assays were R factor 5 RjjF obs j 2 jF calc jj/RjF obs j, where F obs and F calc are the observed and calculated structure factors, respectively. R free 5 R factor calculated using 5% of the reflection data chosen randomly and omitted from the start of refinement. RMSD is the root-mean-square deviations from ideal geometry. Data for the highest resolution shell are shown in parentheses. ASU, asymmetric unit.
performed on an ITC200 (MicroCal, USA) in a 200 ll reaction cell loaded with NicR2 protein solutions at 258C. Titration was performed with an initial 0.4 ll injection of 750 lM HSP in the syringe followed by nineteen 2 ll injections with 120 s intervals. A control experiment was performed by titrating buffer into the HSP solution. The stirring speed was 750 r.p.m. and the reference power was 5 lcalÁs 21 . The net heat of the dilutions was corrected by subtracting the average heat of the control. The binding isotherms were fitted to a single site binding model using the Origin 7.0 software package supplied with the instrument, to yield values of the equilibrium dissociation constant (K D ).
Accession codes
The atomic coordinates and structure factors of the selenomethionine-substituted NicR2 and the NicR2-HSP complex have been deposited in the Protein Data Bank with accession codes 5FHP and 5FGL, respectively.
